The LMNA gene was sequenced in 98 Czech patients from 94 unrelated families with early-onset axonal Charcot-Marie-Tooth (CMT) disease consistent with both autosomal recessive inheritance and sporadic cases. Biallelic pathogenic mutations were not found in any patient in this group. One patient carried the c.1870C4T mutation that is predicted to result in the amino-acid substitution, p. Arg624Cys, on one allele, but the second causative mutation was not detected. LMNA mutation is not likely to be associated with the disease in this family. To exclude larger deletions/duplications in the LMNA gene not detectable by sequencing, 48 patients from this group were also analyzed with multiplex ligation-dependent probe amplification. No rearrangements in the LMNA gene were detected. We conclude that mutations in the LMNA gene are absent from a large group of Czech patients with axonal autosomal recessive CMT disease. Consequently, LMNA mutation screening does not seem to be relevant for axonal CMT DNA diagnostics. A similar situation may apply to other European populations.
INTRODUCTION
Charcot-Marie-Tooth (CMT) disease or hereditary motor and sensory neuropathy is traditionally classified according to clinical, electrophysiological, morphological and genetic criteria. 1-3 CMT disorders are divided into two groups on the basis of nerve conduction studies-median motor nerve conduction velocity (MNCV): (1) demyelinating types (CMT1) with MNCV o38 m s À1 ; and (2) axonal types (CMT2) with MNCV 438 m s À1 1 .
In addition to the neurophysiological features of axonal neuropathy, axonal CMT disease is also characterized histopathologically by chronic axonal atrophy and regeneration in the nerve biopsy. Clinically, the main symptoms in 90% of the cases are early onset, symmetrical muscle weakness and wasting (predominantly in the distal lower limbs), foot deformities and walking difficulties associated with reduced or absent tendon reflexes. 4, 5 In autosomal recessive axonal CMT (AR CMT) associated with mutation of lamin A/C, 6, 7 weakness and amyotrophy of the upper limbs and an involvement of the proximal muscles of the lower limbs are frequent.
To date, three loci have been associated with AR CMT2 8 : 1q21.2-21.3 for AR CMT2A or CMT2B1 9 ; 19q13.3 for CMT2B2 10 ; and 8q21.3 for CMT2G. 11 Specific mutations in two genes have been identified: ganglioside-induced differentiation protein 1 (GDAP1) 12 and lamin (LMNA). 13 Mutations in the LMNA gene that encodes the proteins of the inner nuclear membrane, lamin A and C, are involved in at least seven distinct genetic disorders. 14 Cases displaying a combined phenotype of these entities are also described. 15 Mutations in the LMNA gene are associated with axonal AR CMT, 13 but have also been found in a family presenting an autosomal dominant mode of inheritance of CMT2 in combination with muscular dystrophy, cardiomyopathy and leuconychia. 16 For several reasons, the LMNA gene was considered as a good candidate gene for axonal CMT. 13 First, lamin A/C is a member of the intermediate filament family, and the other intermediate filament protein, NEFL, is already involved in CMT2E. 17 Second, lamin A/C expression patterns during neuronal development were found to be important for neurons. 18 Observations of transgenic LMNA-null mice gave further support to this assumption. 13, 19 Currently, it is unknown how frequent mutations are in the LMNA gene among patients worldwide with axonal CMT. Our study was designed to determine the frequency and spectrum of mutations in the LMNA gene among Czech patients with axonal AR CMT and to evaluate the relevance of the LMNA gene for further diagnostic DNA testing in CMT2 patients.
MATERIALS AND METHODS Patients
Charcot-Marie-Tooth (CMT) disease or hereditary neuropathy is a heterogeneous group of disorders and is the most frequent hereditary neuromuscular disorder with a frequency of 1:2500 in the population. 20 We would expect the Czech population, consisting of 10 million, to have 4000 CMT patients. As our laboratory is the only one in the Czech Republic testing for CMT, all patient samples are collected in our registry and our data can provide evidence for the incidence of CMT in the Czech Republic. To date, DNA samples from almost 3000 patients suspected of having CMT from about 1500 unrelated families have been collected in our laboratory. CMT has been confirmed by finding a causal mutation in 1077 individuals of Czech origin. A CMT1A duplication was detected in 521 individuals from 282 unrelated families, an HNPP deletion was detected in 302 individuals from 170 families and a mutation in other CMTrelated genes was detected in 254 individuals from 102 families.
A total of 98 patients from 94 unrelated Czech axonal CMT families were screened for mutations in the LMNA gene, by direct sequencing of all 12 coding exons and exon/intron boundaries.
Inclusion criteria were the following:
(1) All selected families were compatible with autosomal recessive inheritance, that is, the patients had affected siblings and healthy parents based on family history (four families, eight patients), or more often sporadic cases (90 patients). Consanguinity was not reported for any of the families.
(2) Only patients with axonal neuropathy (MNCV 438 m s À1 ) were included.
(3) Most patients presented with first neuropathy symptoms early in life (first or second decade).
In 13.3% (13 patients), symptoms started in the first 5 years of life, 16.3% of patients (16) presented with the first symptoms between ages 5-10 years. In 14.3% (14) of patients, age at onset was during the second decade of life. The disease started in the third decade in 4.1% of patients (4). Few patients (8.1%, eight patients) were older than 30 years at disease onset. Forty-three patients presented with first symptoms of axonal CMT disease in the first or second decade, but precise age is unknown (43.9%). Most patients showed symmetrical muscle weakness in the lower limbs and foot deformities. Five patients complained about weakness of the arms, six about paresthesias and three patients are wheel-chair bound.
In 74 patients, deletions/duplications in the 17p11.2 region were excluded earlier.
Only a few patients were tested for mutations in MPZ-(24 patients), MFN2-(16 patients) and GDAP1 (23 patients)-gene with negative results.
Forty-eight patients who showed no heterozyosity for intragenic LMNA polymorphisms were then tested with the P048 multiplex ligationdependent probe amplification (MLPA) analysis kit from MRC-Holland (Amsterdam, The Netherlands).
All tested patients granted informed consent and the study was approved by the Central Ethical Committee of the University Hospital Motol Prague.
Genetic study Direct sequencing. DNA was extracted from peripheral blood or from saliva. All 12 exons and exon/intron boundaries of the LMNA gene were PCR amplified in 12 fragments with the primer set 1-1F/1-1R, 1-2F/1-2R, 2F-2R, 3F-3R, 4F-4R, 5F-5R, 6F-6R, 7F-7R, 8+9F-8+9R, 10F-10R, 11F-11R and 12F-12R (Table 1 : LMNA Primers set). PCR conditions are listed in Table 2 . Purified PCR products (Agencourt Ampure, Beckman Coulter, Fullerton, CA, USA) were sequenced using four dye terminator chemistry (BigDye Terminator v.3.1, Applied Biosystems, Foster City, CA, USA). All sequencing reactions were carried out under conditions recommended by the manufacturer. After purification with the CleanSeq kit (Beckman Coulter), sequencing products were analyzed on an ABI3100-Avant automated genetic analyzer (Applied Biosystems). Sequence traces were compared with an LMNA reference sequence (NM_170707, http://www.ncbi.nlm.nih.gov/sites/entrez) using Sequencing analysis software (Applied Biosystems) and SeqMan software (DNASTAR, Madison, WI, USA).
Multiplex ligation-dependent probe amplification analysis method. Fortyeight patients were tested by MLPA analysis (MRC Holland) to exclude larger deletions/duplications in the LMNA gene (www.mlpa.com). The SALSA MLPA kit (MRC-Holland), P048 LMNA, was used (lot 1106, 0106). This kit contains probes for 10 of the 12 coding exons of the LMNA gene and is designed to detect deletions/ duplications of one or more exons of the gene. MLPA analysis was carried out according to the manufacturer's protocol (http://www.mlpa. com/pages/support_mlpa_protocolspag.html). Capillary electrophoresis of the MLPA-PCR products used either an ABI 310 or ABI3100-Avant genetic analyzer (Applied Biosystems). GeneMapper software v.4.0, GeneScan v.3.7 and Peak Scanner software (all Applied Biosystems) were used to extract data. The results were evaluated both visually and statistically. For visual evaluation, the recommendation of the manufacturer was followed. Statistical analysis of the results was carried out using Excel sheets prepared by A Wallace, NGRL (Manchester), UK (www.ngrl.org.uk). Analysis spreadsheets are available upon request. For autosomal loci, a deletion was indicated by a relative reduction of 35-55% in the peak area for that probe amplification product, and a duplication was indicated by a relative gain in the peak area between 30 and 50%.
RESULTS
Biallelic pathogenic mutations in the LMNA gene were not detected in any of the 98 Czech axonal CMT patients. In one patient with earlyonset axonal CMT, we found a novel mutation in exon 11, c.1870C4T (p.Arg624Cys), in the heterozygous state. A second causative mutation was not found in this patient even after MLPA analysis. A healthy father and a healthy brother of the patient also carried this mutation (c.1870 C4T) in the heterozygous state. We detected several SNP variants. All polymorphisms were detected in a heterozygous state. The polymorphisms identified in this study are listed in Table 3 .
No rearrangements (duplications/deletions) in the LMNA gene were found on MLPA analysis in any of the 48 Czech patients with axonal CMT.
DISCUSSION
In this study, we did not find pathogenic biallelic defects at the nucleotide sequence level of the LMNA gene among Czech patients with axonal AR CMT. Moreover, we did not identify any deletions/ duplications by MLPA analysis among a subgroup of 48 patients who were selected as those more likely to carry deletions. These results showed that defects in the LMNA gene are either absent, or are extremely rare in Czech patients with axonal CMT. Therefore, we cannot recommend LMNA analysis for diagnostic testing of Czech patients with axonal CMT.
In one patient with severe early-onset axonal CMT, the missense mutation, p.Arg624Cys, was detected. This mutation is present in a heterozygous state in the affected as well as in healthy family members. This mutation is unlikely to be the cause of CMT disease in this family, but it may be pathogenic. However, this mutation is localized in exon 11 of the LMNA gene, and because of alternative splicing, exon 11 is transcribed in Lamin A but not in Lamin C. Therefore, it is not a core part of the LMNA protein. This could explain the nonpathogenic effect of this amino-acid substitution.
To exclude the possibility of a frequent polymorphism, DNA samples from healthy controls were tested for the presence of c.1870C4T. It was not present in any of the 110 healthy chromosomes tested. We concluded that p.Arg624Cys is a rare polymorphism. However, the significance of this mutation would need to be resolved by an additional study at the RNA level.
Our results are consistent with other studies, as few patients with a mutation in the LMNA gene have been described to date in the literature. Bouhouche et al. 9 was the first to describe that LMNA is a possible candidate gene for axonal AR CMT in his study on a large consanguineous Moroccan family. Later, several Algerian families were shown to carry a p.Arg298Cys mutation in the LMNA gene. 6 A linkage study for three of these families suggested a common ancestral haplotype and gave evidence of a founder effect. 13 In 2007, four Moroccan families were presented with mutation p.Arg298Cys in the LMNA gene. 8 All CMT2B1 patients, homozygous for this mutation, originate from a restricted region of north-west Algeria and eastern Morocco and carry a homozygous common ancestral haplotype at the LMNA locus. 21 Two other mutations in the LMNA gene have been identified in patients with peripheral neuropathy, but always in combination with other clinical signs. 15, 16 Recently, authors from China published results similar to ours with the absence of LMNA mutations in 32 sporadic CMT2 patients. 22 In conclusion, mutations in the LMNA gene are not a significant cause of axonal Charcot-Marie-Tooth disease in Czech patients. This may also apply in other European countries or even worldwide, because there are few other reports of LMNA mutations in AR CMT2 patients. 
